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Abstract 

Microdieleot rose try  and  dif¬ 
ferential  scanning  ealoriaetry  hare 
boon  used  to  study  the  isothemal 
cure  of  EFON  S25  with  diaainodi- 
phenylsulfone  (DOS).  The  results 
arc  coapared  with  published  tor¬ 
sional  braid  analysis  (TBA)  studies 
of  tRc  sane  systea  using  a  tiae- 
teaperature-traasf oraation  diagraa. 
The  dielectric  aeesureaeats  were 
aade  at  teaperatures  between  100*C 
and  220*C  using  aeasureaent  fre¬ 
quencies  between  0.1  Is  and  10,000 
Is.  The  DSC  was  operated  in  an 
isothesaal  aode  to  deteraiae  extent 
of  conversion  at  teaperatures  be¬ 
tween  137#C  and  177*C.  Two  aeehan- 
iaas  of  charge  transport  are  re¬ 
sponsible  for  the  observed  dielec¬ 
tric  response;  an  ionic  conductiv¬ 
ity  early  in  cure  that  decreases  as 
the  reaction  proceeds,  and  a  Debye 
type  dipole  relaxation  later  in 
cure.  The  tiiM  to  reach  00%  con¬ 
version  deteraiaed  by  DSC  corre¬ 
lates  with  the  TBA  gelation  loss 
posh,  as  would  be  expected  froa  the 
Vloty  theory  of  gelation,  but  there 
is  no  clear  dielectric  "event"  at 
00%  conversion.  The  peak  in 
dielectric  loss  factor  identified 
with  the  dipole  relaxation  corre¬ 
lates  with  the  TBA  vitrification 
lose  peak. 


Keywords:  Microdielectroaetry, 
dielectric  cure  aonitoring,  tine- 
teaperature-trsnsf oraation  (ITT) 
diagraa,  DGEBA/DDS 


1.  INTRODUCTION 

Dielectrio  aethods  for  aoni¬ 
toring  the  cure  of  epoxy  resins 
have  been  established  for  nearly  23 
years,  dating  back  to  the  pioneer¬ 
ing  work  of  Delaonte  [1]  and  War- 
field  and  Petree  [2].  Draaatic 
changes  in  the  dielectric  proper¬ 
ties  of  the  aaterisl  accoapany  the 
traasf oraation  of  the  resin  froa  a 
viscous  liquid  to  s  brittle  solid. 
The  siaplieity  of  dielectric  aeas- 
ureaents  have  led  to  wide  use  both 
in  aaterisl s  analysis  snd  process 
control  [3,4,5].  A  recent  develop- 
aent  in  the  field  has  been  the 
technique  called  Microdielectro- 
aetry,  which  utilises  s  ainiature 
integrated  circuit  sensor  to  per- 
fora  the  dielectric  aeasureaent 
[6,7].  The  saall  sise  of  the 
probe,  the  on-chip  teaperature  sen¬ 
sor,  snd  the  wide  aeasureaent  fre¬ 
quency  range  aake  Microdielectro¬ 
aetry  a  proaising  alternative  to 
conventional  parallel-plate  dielec¬ 
tric  aeasureaents  for  process  con¬ 
trol  applications. 
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This  9*9* r  iddrinii  the  U- 
torpxetatioa  of  dielectric  data 
ebtaiaad  dariaf  the  aara  of  090x7 
raaiaa  ia  texas  of  the  physical 
ehsages  taking  plaao  dariag  oaxa. 
The  aataxa  of  the  ehaages  aaa  bo 
doaoxibod  vitb  the  aid  of  tha  tiae- 
teapexstvxe-txaasfoxaatioa  (ox  TIT) 
diagxaa  fox  thotaosots,  developed 
by  Gillhaa  [t].  The  ITT  diagxaa 
doaoxiboa  tbo  atata  of  a  xoaia 
aadoxgoiag  isothermal  oaxa  aa  a 
faaotioa  of  oaxa  tiao  aad  tbo  iso- 
tbaxaal  oaxa  toaporataxo.  Tbo  gen- 
oral  ixad  ITT  diagxaa  ia  Figaxo  1 
sbovs  foar  idaatifiablo  atataa  of 
tbo  eaxiag  aataxial:  liqaid,  galled 
xabbex,  aagallad  glass,  aad  gollod 
glaaa.  At  oaxa  torpors  tar  os  bo- 
tveea  tbo  glaaa  txaaaitioa  teapers- 
taro  at  gelatioa,  T ,  aad  tbo 
altiaata  glaaa  txaaaitioa  teapera- 
taxo  of  tbo  fal ly  oaxod  aataxial, 
T_#  eaxiag  pxooaoda  fxoa  tbo 
liqaid  atata  to  a  galled  xabbex, 
aad  fiaally  to  a  galled  glaaa. 
Gelatioa  ia  tbe  txaaafoxaatioa  of 
tbo  liqaid  to  a  rubbery  gal.  Far¬ 
ther  eaxidg  ia  tba  robbery  gel 
atata  iaexaaaaa  tba  exoaaliab  dear 
aity  of  tbo  aetvoxk  aatil  tbo  glaaa 
txaaaitioa  toaporataxo  of  tbo 
galled  xabbex  xoaoboa  tbo  eaxiag 
teapexataxs.  at  vhioh  poiat  vitri¬ 
fication,  i.o. ,  tbo  focaatloa  of  a 
gollod  glaaX,  oeeaxa. 


Tbo  objective  of  tbia  verb  ia 
to  eaaaiae  diolootxio  aoaaaxaaoata 
ia  tbo  eoatoxt  of  tba  TIT  diagxaa 
vitb  tbo  goal  of  obtaiaiag  a  bettor 
aadoxataadiag  of  tbo  pbyaioal  aeehr 
aaiaaa  aadoxlyiag  tbo  diolootxio 
raapoaao.  Tbo  ayatoa  aboaoa  fox 
atady  vaa  a  lav  aoloealax  veigbt 
MBA  xoaia.  Shall  BON  S25,  oaxod 
vitb  di aaiaodipboayl aal f oaa  (DM). 
Tbo  ITT  diagxaa  fox  tbia  ayatoa  baa 
beea  pabliabad  by  Baaa  aad  Gillhaa 
(91  baaed  oa  toxaioaal  braid  aaaly- 
aia  (TBA).  Tbo  iaotboxaal  eaxo  vaa 
atadiod  aaiag  Niaxodiolaatxoaotxy 
over  tbo  toaporataxo  xaago  100*C  to 
220*C,  aad  tbo  biaotiea  of  tbo 
ebeaieal  xaaatioa  voxo  atadiod  aa¬ 
iag  diffoxoatial  aeaaaiag  cal or 1- 
aotxy  (MC)  ever  tbo  xaago  137*C  to 
177»C. 


LOG  TIME 


Fig.  1.  Generalized  Tiae-?eapera- 
taxa— Traaaforaatioa  diagraa  sboviag 
atataa  of  tbernoaetting  raaiaa  aa  a 
faaotioa  of  ease  tiao  at  iaotbazaal 
oaxa  teaperataxea.  After  Gillbaa 
(SI. 


2.  EXPERIMENTAL 
2.1  Material! 

Tbe  EFON  825  reals  vaa  ob¬ 
tained  froa  Nev  England  Resins  and 
Pigaeate,  tbe  diaaiaodiphenylsul- 
foao  earing  agent  froa  Dr.  Gary 
lagaaaer  at  tbe  Aray  Materials  and 
Xeebaaies  Raaeareb  Center  ia  Water- 
tova,  Mb.  Tbe  xoaia  aixtare  vaa 
prepared  in  a  5  graa  bateb  by  oelt- 
iag  together  the  resin  aad  tbe 
earing  agent  aatil  tbe  earing  agent 
vaa  dissolved.  Tbe  aixtare  vas  kept 
ref rigors tod  aatil  ase.  No  evi¬ 
dence  of  ropxooipitation  of  tbe  DOS 
vas  observed. 


2.2  Microdlolsotronotry 

Too  typos  of  Microdiclectro- 
aotxy  sensors  vert  ased  ia  this 
verb.  Most  of  tbe  resalts  vere 
obtaiaod  asiag  tbo  sensor  described 
ia  Reference  7*  vbieb  incorporates, 
an  oa-ehip  soaicondaetor  diode 
tboraoastor  for  coabined  dielec¬ 
tric/  toaporataxo  aeasareaents. 

Seas  aeasareaents  vers  aado  vitb-a 
aodifiod  sensor  in  a  flat  Captoo* 
"ribbon*  psekage.  /  A  pbotoaicro- 
gxapb  of  tbe  aodifiod  sensor 
ao anted  in  its  package  is  shovn  ia 
Figaro  2.  Tbo  packaged  sensor  is 
0.5  ■■  thick,  5  aa  vide  aad  50  ea 


Fig.  2.  Photomicrograph  of  micro- 
dial*  etroao  tor  chip  shoving  elose- 
«p  ml  sansor  chip  in  flazibl*  lap- 
ton®'  "ribbon*  package. 


long.  This  saw  sansor /packs go  com¬ 
bination  has  boon  nsad  for  scat 
rasin  stadias  and  for  cor*  monitor¬ 
ing  in  laminatas.  Tha  sensors  vara 
prepared  by  heating  them  on  a  hot 
plat*  to  approximately  50*C  and 
placing  a  small  sample  of  tha  rasin 
mixtnra  (typically  20  mg)  on  tha 
sansor  electrodes.  Sapid  malting 
and  flow  produced  good  contact 
between  the  rasin  mixture  and  tha 
electrodes. 

The  instrumentation  used  for 
tha  Mierodialactromatry  measure¬ 
ments  has  bean  significantly  im¬ 
proved  over  that  described  previ¬ 
ously  Cd#7] •  The  Hewlett-Packard 
3575A  Gain/Phase  Hater  used  for 
analyzing  the  sensor  response  has 
been  replaced  by  a  Fourier  Trans¬ 
form  Digital  Correlator  of  our  own 
design.  Vith  the  correlator,  the 
accessible  frequency  range  of  the 
measurement  is  extended  to  0.005  - 
10*000  Is  and  the  sensitivity  is 
significantly  improved  compared  to 
that  achievable  vith  the  HP3575A. 


Loss  factors  as  low  as  0.01  can  now 
be  measured,  corresponding  in  typi¬ 
cal  cured  resins  to  tan  delta 
values  on  the  order  of  0.003. 

In  the  isothermal  cure  experi¬ 
ments  reported  here,  the  sensor  and 
soeket  assembly  were  placed  into  an 
oven  preheated  to  the  cure  tempera¬ 
ture.  The  sample  temperature,  as 
measured  by  the  on-chip  temperature 
sensor,  came  to  equilibrium  in 
approximately  3  minutes.  The 
dielectric  permittivity,  loss  fac¬ 
tor,  and  temperature  were  then 
monitored  for  the  duration  of  the 
cure.  An  inert  atmosphere  was 
maintained  by  flowing  dry  nitrogen 
through  the  socket  assembly. 

2.3  Differential  Scanning 
Calorimetry 

A  Perkin-Elmer  DSC-II  differ¬ 
ential  scanning  calorimeter  (DSC) 
was  operated  in  an  isothermal  mode 
to  measure  extent  of  conversion 
versus  cure  time  at  cure  tempera¬ 
tures  in  the  range  137*C  to  177°C. 
The  heat  flow  output  signal  was 
measured  by  a  digital  voltmeter 
interfaced  to  an  HP 3 5  calculator, 
which  stored  the  data  on  cassette 
for  later  processing.  The  tempera¬ 
ture  scale  was  calibrated  using  the 
melting  points  of  indium  and  lead, 
and  the  enthalpy  was  calibrated 
using  an  indium  standard.  Hermet¬ 
ically  sealed  aluminum  sample  pans 
were  used.  The  sample  sizes  were 
in  the  range  of  5  to  15  mg.  The 
sample  was  placed  in  the  cell  at 
77*C  and  then  heated  to  the  desired 
temperature  at  160°C/min.  The  re¬ 
action  exotherm  was  followed  to 
apparent  completion.  The  area 
under  the  exotherm  was  taken  to  be 
the  heat  of  conversion  at  that 
temperature. 

The  curing  of  an  epoxy  resin 
at  temperatures  below  the  ultimate 
T  does  not  insure  complete  reac¬ 
tion.  To  obtain  extent  of  conver¬ 
sion  from  an  isothermal  cure  below 
the  ultimate  T  ,  the  total  heat  of 
reaction  of  the  fully  cured  resin 
must  be  known.  This  is  obtained  by 
dynamically  scanning  the  tempera¬ 
ture  at  a  slow  rate  to  insure  com¬ 
plete  conversion.  The  total  heat 


3.  RESULTS 


of  reaction  was  obtaiaad  froa  a 
reaped  oars  at  a  rats  of  2.5’C/ain 
froa  80*C  to  300*C.  This  experi- 
asat  yielded  a  total  boat  of  reac- 
tioa  of  99.5  eal/g,  which  is  99.2 
kJ/aol  (23.7  kesl/aol),  eoasistsat 
with  rssalts  rsportsd  ia  ths  iiter- 
ataxs  for  siailar  epoxy  systeas 
[11].  Degree  of  eoawsrsioa  as  a 
faastioa  of  tias  at  saeh  isothsraal 
ears  t saps r a tars  was  obtaiasd  froa 
partial  integration  of  ths  rsaetioa 
exotherm,  aoraalizsd  bp  ths  total 
host  of  rsaetioa. 
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Vif.  I.  Xisrodis 1 setr oas try  rssalts 
of  oars  of  DON  825/DM  at  100*C. 
Nsasarsasat  frequencies  0.1,  1,  10, 
100,  1000,  10000  Ha. 
a)  loss  faster,  s"  b)  pernittiv- 
it j,  s'  s)  taa  dslta  s"/t’ 


3.1  Microdielectrometrv 

Figaros  3a.  3b  sad  3c  show  the 
dielectric  loss  factor,  «*,  the 
dislsotric  permittivity,  s',  sad 
ths  loss  taagsat  (or  taa  delta), 
which  is  ths  ratio  cM/s*,  for  the 
cars  of  EP0N  825/DDS  at  100°C  meas- 
arsd  at  frequencies  of  0.1,  1,  10, 
100,  1000  aad  10,000  Hz. 

Ths  frsqaeacy  depeadsace  of 
ths  loss  factor  versus  time  indi¬ 
cates  the  saperpositioa  of  two 
coapoasats,  aa  ioaic  conductivity 
aad  a  dipole  relaxation  [7].  Early 
ia  ears,  s"  is  inversely  propor¬ 
tional  to  frsqaeacy,  iadicatiag  a 
conductivity.  Ths  conductivity 
dsersasss  approximately  exponenti¬ 
ally  with  cars  tias,  das  to  the 
iaersasiag  viscosity  of  the  resin 
as  ears  proceeds.  This  decrease  is 
followed  by  a  peak  ia  «*  with  an 
aaplitade  of  about  2,  which  occurs 
earliest  at  ths  highest  frsqaeacy. 
This  loss  peak  is  das  to  the  re¬ 
striction  of  aoleoular  dipoles  ia 
ths  erossl inking  resin. 

Ths  two  processes  of  ioaic 
condnetioa  aad  dipole  relaxation 
are  also  evident  ia  ths  permittiv¬ 
ity  vsrsas  time  plot  of  figure  3b. 
Early  ia  ears,  when  the  loss  factor 
is  large  (>10),  the  apparent  per- 
aittivity  is  extraordinarily  large 
020)  das  to  charge  aecuaulatioa  at 
ths  blocking  sensor  electrodes.  As 
ths  loss  factor  drops,  ths  blockiag 
electrodes  are  no  longer  iaportaat 
aad  the  apparent  permittivity 
levels  off  at  about  14,  a  value 
consistent  with  the  polarizability 
of  the  resin.  As  curing  proceeds, 
the  permittivity  thea  drops  to  a 
final  value  of  approximately  4. 
Associated  with  this  drop  ia  s'  is 
the  peak  ia  clearly  evident  ia 
Figure  3a. 

The  data  of  Figures  3a  and  3b 
can  be  coabiaed  to  yield  tan  delta 
versus  tias,  as  in  Figure  3c.  The 
characteristic  features  of  the  tan 
delta  versus  tias  are  a  first  peak 
early  ia  the  cure,  related  to  the 


ionic  conductivity  tad  the  blocking 
electrodes,  end  e  second  peek  Inter 
in  care  dae  to  dipole  relaxation. 


1000 


—  137*0 
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Ike  nse  of  a  vide  range  of 
maa serene nt  frequencies  kelps  il- 
lastrate  tke  extent  to  vkick  tke 
orientational  nobility  of  polar 
groaps  in  tke  resin  is  being  re¬ 
stricted  as  care  proceeds.  At  sack 
saeeessive  e*  peak,  tke  reciprocal 
of  tke  frequency  for  tkat  peak 
gives  a  asasare  of  tke  chsraeteris- 
tic  tine  reqaired  for  a  dipole  to 
overcome  tke  vlscoas  drag  of  tke 
sarroanding  molecules  and  orient 
vitk  tke  electric  field.  Fron  tke 
tine  at  vkick  tke  peak  is  first 
observed  at  lOkHx  to  tke  tine  tke 
peak  is  observed  at  0.1  Ex,  tkis 
ckaraeteristic  tine  increases  by 
five  orders  of  magnitude,  fron 
kaadreds  of  nicro seconds  to  tens  of 
seeoads. 

Caring  experiments  similar  to 
tkose  illastrated  in  Figaro  3  vere 
performed  over  a  vide  range  of  care 
tenperatares.  Figaros  4a.  4b  and 
4c  skov  tke  eare  tempera tare  depone 
donees  of  tke  loss  factor,  permit¬ 
tivity  and  tan  delta  versas  eare 
time  at  a  measurement  freqaency  of 
10  Ex.  Tke  ekaraeteristie  featares 
resalting  from  tke  icaie  conductiv¬ 
ity  and  tke  dipole  relaxation  mech¬ 
anisms  disoassed  above  are  apparent 
at  all  eare  temperatures.  As  ex¬ 
pected,  tke  ionie  eondaetivity  de¬ 
creases  more  rapidly  vitk  time  and 
tke  dipole  relaxation  oeears  sooner 
at  kigher  eare  tenperatares,  dae  to 
tke  tkexmal  activation  of  tke  ear¬ 
ing  reaction. 


3.2  Differential  Scannlna 
Calorimatrv 


Ike  extent  of  conversion  ver¬ 
sas  time  resalts  obtained  from  DSC 
are  skovn  in  Figaro  5  for  eare 
tenperatares  ranging  from  137*C  to 
177*C.  There  are  three  things  to 
note  aboat  these  carves:  (1)  As 
ejected,  the  rate  of  reaetion 
increases  vith  increasing  ears  tem¬ 
po  ra  tare,  dan  to  the  thermal  activ¬ 
ation  of  the  earing  reaetion.  (2) 
There  is  an  inflection  in  the  ex- 

•mm*  a#  nanmnmal  mm  vaoena 
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Fig.  4.  Microdielectrometry  results 
of  care  of  EPON  82S/DDS  at  10  Ex. 
Care  temperatures  of  137,  147,  1S7. 
167.  177,  187*C. 

a)  loss  factor,  e"  b)  permittivity, 
s'  o)  tan  delta  s*/c* 


TIME  (MNUTES) 

Fig.  5.  Extent  of  conversion  based 
on  heat  of  reaetion  versas  care 
time  determined  using  isothermal 

MaiUFMaii#.  Cnf  A  tannmf a  tnrst 


nature  of  the  epoxy— amino  curing 
reaction  [11].  (3)  The  ultimate 

•stoat  of  conversion  reached  de- 
er««s«s  with  d« crossing  car*  tem¬ 
perature.  These  results  are  re¬ 
lated  to  the  TIT  diagram  and  to  the 
dielectric  data  ia  the  following 
section. 


4.  DISCUSSION 

The  objective  of  this  study 
was  to  relate  dielectric  measure¬ 
ments  to  the  time-tesv«ra tare- 
transformation  (TIT)  diagram,  so  as 
to  obtain  a  better  understanding  of 
the  physical  processes  underlying 
the  dielectric  measurement.  The 
ITT  diagram  for  the  EPON  825/DDS 
system  determined  using  torsional 
braid  analysis  (IBA)  was  reported 
by  Enas  and  Gillham  [9] .  IBA  meas¬ 
ure  a  the  free  oscillatory  decay  of 
a  resin-impregnated  glass-fiber 
braid  in  a  torsion  peadnlum.  Kas¬ 
ims  in  the  damping  (logarithmic 
decrement)  of  the  braid  are  inter¬ 
preted  to  indicate  the  liquid  to 
rubber  transition  associated  with 
gelation  and  the  rubber  to  glass 
transition  associated  with  vitrifi¬ 
cation  of  the  resin.  Because  this 
is  a  dynamic  measurement,  the  time 
of  occurence  of  the  loss  peak  ia 
frequency  dependent.  The  TTT  dia¬ 
gram  indicates  the  time  to  reach 
the  gelation  'event*  and  the  time 
to  reach  the  vitrification  "event* 
as  a  function  of  the  isothermal 
cure  temperature. 

The  DSC  results  provide  a  way 
of  verifying  that  a  valid  compari¬ 
son  can  be  made  between  the  dielec¬ 
tric  measurements  made  in  our  lab 
to  the  IBA  measurements  of  Enas  and 
Gillham,  which  were  done  on  nomin¬ 
ally  the  same  material.  According 
to  the  Flory  theory  of  gelation 
[12],  the  gel  point  of  a  stoichio¬ 
metric  system  of  difuactioaal  mole¬ 
cules  reacting  with  tetrafuaetional 
crossl inkers  will  gel  at  an  outsat 
of  reaction  of  57.7%.  If  one  as¬ 
sumes  that  the  heat  liberated  by 
the  epoxy  curing  is  due  only  to  the 
reaction  of  epozides  with  amines, 
then  the  time  to  reach  a  DSC  con¬ 
version  of  57.7%  should  coincide 
with  the  time  to  reach  gelation. 


Figure  6  shows  a  TIT  diagram  of  the 
time  to  reach  fractional  conver¬ 
sions  of  20%,  40% .  60%  and  30%, 
taken  from  Figure  5,  superimposed 
on  the  gelation  and  vitrification 
curves  determined  by  Enns  and  Gill- 
ham  [9].  The  time  to  reach  60% 
conversion  coincides  with  the  time 
to  reach  gelation.  The  agreement  is 
ezceptionally  good  considering  the 
assumptions  made,  and  confirms  that 
the  systems  are  nominally  identical 
and  valid  comparisons  can  be  made 
to  the  IBA  measurements. 


Fig.  6.  Time-Temper a tnre-Transfor- 
mation  diagram  for  EPON  825/DDS 
system  showing  time  to  reach  con¬ 
versions  of  20%,  40%,  60%  and  80%. 
Liquid  to  Rubber  (gelation)  and 
Rubber  to  Glass  (vitrification) 
transformations  from  Torsional 
Braid  Analysis  results  of  Enns  and 
Gillham  [91. 


TIME  (MINUTES) 

Fig.  7.  Time-Temperature-Transfor- 
mation  diagram  for  EPON  825/DDS 
system  showing  time  to  reach  10,000 
Ez  and  10  Hz  dipole  relaxation  loss 
peaks.  Liquid  to  Rubber  (gelation) 
and  Rubber  to  Glass  (vitrification) 
transformations  from  Torsional 
Braid  Analysis  results  of  Enns  and 
Gillham  (91. 
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A*  discussed  earlier.  the  peek  evidenced  in  the  *"  values  of  Fig- 
in  the  dielectric  loss  factor  at  a  urea  3a  and  4a.  However,  the  cross- 

fixed  frequency  indicates  that  the  ing  of  the  60%  conversion  point, 

average  dipole  relaxation  tine  has  corresponding  to  divergence  of  the 

reached  a  value  equal  to  the  reeip-  macroscopic  shear  viscosity  at  gel- 

rocal  of  the  frequency.  As  curing  ation,  does  not  produce  a  singular- 

proceeds.  the  peak  is  observed  at  ity  in  conduction  properties.  The 

snceesaively  lower  frequencies,  so  macroscopic  shear  viscosity  ra¬ 
the  dipole  relaxation  tine  is  in-  fleets  the  ability  of  the  molecules 

creasing.  Ve  can  plot  these  to  undergo  rearrangement  over 

"events'',  the  times  to  reach  given  macroscopic  distances,  while  the 
dipole  relaxation  time,  on  the  ITT  transport  of  ions  through  the 

diagram.  Figure  7  shows  a  ITT  material  requires  molecular 

diagram  of  the  time  to  reach  the  rearrangement  only  on  the  atomic 

dipole  loss  peak  at  10,000  Hx  and  scale.  While  the  ionic  conduct iv- 

10  Hx,  again  superimposed  on  the  ity  decreases  with  increasing 

torsional  braid  gelation  and  vitri—  crosslink  density  because  of  an 

flection  events  [9].  The  eountours  increase  in  local  or  atomio-scale 

of  constant  dipole  relaxation  time  "microviscosity",  the  conductivity 

appear  to  parallel  the  vitrifica-  does  not  cease  at  gelation, 

tion  curve  of  the  TBA  measurement. 

The  vitrification  of  the  resin 

occurs  when  the  mobility  of  the  5.  CONCLUSIONS 

reactive  groups  in  the  reain  be-. 

comes  so  small  that  the  reaction  This  study  has  examined  the 

essentially  stops.  The  dipole  re-  curing  o£  a  typical  epoxy/amine 

laxation  time  is  a  measure  of  the  system  with  dielectric  measurements 

mobility  of  the  polar  groups  of  the  made  over  the  frequency  range  0.1 
matrix.  It  is  not  surprising  then  Hx  to  10,000  Hx  using  Microdielec- 

that  the  vitrification  event  corre—  trometry.  Two  mechanisms  of  charge 
latea  with  the  rapid  increase  in  transport  are  evident  in  the  meas- 

the  dipole  relaxation  time.  ured  dielectric  loss  factor,  s". 

and  permittivity,  s'.  An  a"  in- 
In  contrast  with  the  eorres-  versely  proportional  to  frequency 

pondamee  between  the  dipole  peak  and  an  abnormally  large  e'  suggest 

and  TBA  vitrification,  there  is  no  that  an  ionic  conductivity  domi- 

clear  "event"  in  the  dielectric  nates  the  response  early  in  cure, 

response  corresponding  to  TBA  gala-  Later  in  cure,  a  peak  in  e"  concur- 

tion.  In  a  previous  paper  [101  rent  with  a  fall  in  a'  characteris- 

studying  the  cure  of  DGEBA  with  n-  tic  of  a  Debye  type  relaxation 

phenyieae  diamine  (mPBA) ,  we  re-  indicates  that  the  mobility  of 

ported  that  a  pre-gelation  dielee-  polar  groups  in  the  matrix  is 
trie  relaxation  time  approached  rapidly  decreasing.  The  dielectric 

"infinite"  values  at  gelation,  i.e.  measurements  were  compared  with  the 

values  beyond  the  measurement  caps-  mechanical  properties  of  the  resin 

bility  of  the  system.  In  Reference  determined  by  torsional  braid  anal- 

10.  that  dielectric  relaxation  time  ysis  [91.  by  plotting  the  time  to 

was  attributed  to  dipole  orienta-  reach  the  dipole  relaxation  loss 

tion.  Ve  now  understand  that  it  peaks  as  a  function  of  cure  temper- 

•riaua  from  the  ionic  conduction  ature  on  a  tine-tempera ture-trans- 

and  blocking  electrodes.  Further-  formation  diagram.  The  cure  tern- 

more.  our  improved  instrumentation  perature  dependence  of  the  time  to 

*•*  P*»ita  even  longer  relaxation  peak  correlates  with  the  "vitrifi- 

timoa  to  bo  observed.  Th«  data  in  cation  event"  observed  by  TBA, 

this  paper  do  at  auppo'  the  as-  because  both  events  depend  on  the 

•igamont  of  a  dis-.nn^  in  the  mobility  of  the  resin  matrix, 

pro  gelation  relax- vion  time  to  There  is  no  evidence  of  a  feature 

gelation.  The  crosal inking  leading  in  the  dielectric  response  which 
to  the  formation  of  a  rubbery  gel  correlates  with  the  "gelation 

does  decrease  the  conductivity,  as  event",  because  at  that  stage  of 
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eut  tki  dominant  aode  of  charge 
transport  ia  ionic  conduction, 
which  ia  a  aaaanra  of  "aicroviscos- 
ity"  and  not  the  aacroacopic  shear 
viscosity  aenaed  by  TBA. 
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